the extracellular concentration of divalent cations. Replacement of chloride on both sides of the membrane with sulfate has little effect on the membrane potentials. The experimental findings support our view that change of univalent for divalent positive counter-ions at negatively charged sites in the membrane is the electrochemical basis of nerve excitation.
ON THE MECHANISM OF TISSUE RECONSTRUCTION BY DISSOCIATED CELLS, I. POPULATION KINETICS, DIFFERENTIAL ADHESIVENESS, AND THE ABSENCE OF DIRECTED MIGRATION* BY MALCOLM S. STEINBERG DEPARTMENT OF BIOLOGY, THE JOHNS HOPKINS UNIVERSITY, BALTIMORE
Communicated by D. Bodenstein, July 9, 1962 That the mutual architectural relationships assumed by cells in vertebrate tissues and organs are determined by intrinsic properties of the individual cells themselves has been demonstrated by experiments with dissociated embryonic cells. The diverse cells of an organ or a body-region, thoroughly intermixed and allowed to commingle in an appropriate culture medium, form aggregates in which the cells first appear to be distributed at random but then sort out from one another, taking up-the mutual positions peculiar to them in the intact organism. '-3 The roughly concentric arrangement which such reconstructed tissues often tend to assume within a compound aggregate has led several authors to suggest possible mechanisms for the sorting-out process. Townes and Holtfreter8 propose that the different kinds of cells first migrate either centripetally or centrifugally along a radial concentration gradient established within an aggregate, and then exercise a selectivity in their mutual adhesiveness by means of which like cells are bound together strongly while unlike cells adhere to greater or lesser degree. We have pointed out' that differences in mutual adhesiveness among cells can alone account for both sorting out and selective localization, since cells of a type which cohere strongly, when moving among and adhering to those of a-more weakly cohesive type, could by their own progressive cohesion squeeze the other cells to the periphery and thereby as-sume an internal position. Stefanelli et al.5 suggest that directed migration in radial concentration gradients may alone explain the phenomenon.
We have tested these hypotheses by compounding aggregates from cell suspensions containing two major kinds of cells mixed in various proportions. The two kinds of cells involved can be characterized as "internally segregating" and "externally segregating" with respect to the relative positions which they come to occupy within the aggregates. If directed migration in concentration gradients occurs, then even a few cells of the internally segregating type, incorporated into an aggregate composed chiefly of cells of the externally segregating type, will migrate into the central region of the aggregate. If, however, differences in the mutual adhesiveness of the cells are directly responsible for sorting out and selective localization, no such translocation of the few "internally segregating" cells will occur, since they will-be too sparsely distributed to encounter one another and exert group action to exclude the other cells.
To carry out such an experiment one must be able to identify unequivocally individual cells of the internally segregating type sparsely scattered within a mass of tissue of the externally segregating type. In preliminary experiments it was established that heart tissue is reconstituted internally to neural retinal tissue within compound aggregates and that cells of the former contain histochemically demonstrable glycogen while cells of the latter do not. The glycogen can thus serve as a marker by which both reconstituted heart tissue and lone, scattered heart cells can be identified within the aggregates.
Materials and Methods. -Cell suspensions were prepared from 5-day chick embryonic heart and 7-day chick embryonic neural retina by a trypsinization procedure described in detail elsewhere.6 The dissociated cells were lightly centrifuged in capillary tubes for the determination of packed-cell volumes. Heart and retina cells were then resuspended in culture medium and mixed in various proportions. Each resulting mixed suspension was dispensed into a custom-made, 10 ml Erlenmeyer flask containing 2 ml -of horse serum-Tyrode-embryo extract medium (2:2:1). These flasks were maintained at 370C in a 95% air 5% CO2 atmosphere while being continuously gyrated in a shaker modified6 after Moscona. The cells in such flasks adhere to one another to form large numbers of small aggregates which by progressive fusion steadily increase in size. Increasing the rate of gyration from 80 rpm to 100 rpm after 20 hr of culture prevented further fusion of aggregates from occurring. After 63 hr of culture, the two-to three-hundred aggregates which were produced in each culture flask were fixed in Lison and Vokaer's alcoholic picric acid-formalin-acetic acid mixture7 at room temperature, embedded in paraffin, and sectioned at 5,u. Sections were stained for glycogen by Bulmer's periodic aciddimedone-Schiff procedure8 followed by a celestin blue-haemalum counterstain.
Results.-Heart cells in these histological preparations are readily distinguished by the red staining of the clumped glycogen granules which they contain. The neural retinal cells are stained blue. The sections portrayed in the accompanying photographs are typical for each culture. Figures 1 and 2 show sections through two aggregates arising from a population containing approximately 23% heart cells and 77% retinal cells by volume. Heart cells being much larger than retinal cells, they represent an appreciably smaller percentage of the population by number than by volume. It can be seen that while some aggregates display a concentric VOiL. 48, 1962 ZOLOGY: Al. S. STEINBERG 1579 arrangement of retinal tissue around heart tissue ( Fig. 1) , in others the heart tissue is present as a number of islands distributed throughout the interior of the aggregate (Fig. 2) . Figure 3 shows a typical section through an aggregate developed from a suspension containing approximately 9% heart cells and 91% retinal cells by volume. Islands of heart tissue and a number of individual heart cells are seen scattered throughout the interior. Individual heart cells are found near but not at the surface of the aggregate. Figure 4 shows a section through an aggregate de- rived from a culture containing approximately 1% heart cells and 99% retinal cells by volume. This section contains two heart cells, one within a cell or two of the periphery of the aggregate and one somewhat deeper within, but still far from the center. Among the many thousands of heart cells contained within the two hundred or more aggregates produced in this culture, only a single heart cell was found at the surface of an aggregate, although in other respects their distribution appeared to be random.
Discussion and Conclusions. -It is clear from these results that the internally segregating component does no more than this terminology implies. It takes up an internal position which may be more or less central depending upon chance and the proportion of the total mass which it occupies. To a single cell of this type "internal" means only "not peripheral," and such cells may stably occupy sites barely beneath the surface. Directed migration along radial concentration gradients cannot, therefore, play a role in the sorting out of these cells or in the selective localization of the tissues which they reconstruct within compound aggregates. Construction of an internal tissue within a compound aggregate proceeds by the aggregation of cells of one type in an environment composed of the cells of more than one type which are nonetheless mutually adhesive. In the absence of directed migration, the only likely explanation appears to be that this process occurs through the preferential cohesion of the internally segregating cells when they encounter one another through their random movements. Sorting out and selective localization would thus seem to be controlled by the population kinetics of cells which adhere to one another with different strengths. Furthermore, since combination of cells from a given organ or body-region leads to the reassembly of the appropriate tissues in their normal mutual relationships, it would appear that these relationships are normally determined in large part by the differential cohesive and adhesive properties of the individual cells.
Selective adhesion of embryonic tissues in vitro has been thoroughly documented by Holtfreter.9 That differential adhesion of cells within the organism is a reality has been pointed out by Townes and Holtfreter,3 who cite the fact that in the amphibian neurula the prechordal mesoderm is much less firmly attached to the neural plate than is the notochordal tissue.
It is pertinent at this point to describe the essential characteristics of the cell system under discussion. (1) It is composed of discrete units of two major types. (2) The units are motile. (3) The units appear to cohere and adhere with different strengths. The same description, it will be recognized, applies to a two-phase system of mutually immiscible liquids, such as an oil-and-water system. The specific mechanisms responsible for the properties of these two radically different systems are dissimilar. Motility of cells is amoeboid, while the molecules of a liquid or the droplets in a dispersion are thermally agitated. forces which govern the mutual attraction of molecules in a liquid. But much of the most striking behavior of such two-phase liquid systems depends only upon the properties of discreteness and motility of, and differential adhesiveness among, their unitary components, and not at all upon the underlying mechanisms from which these properties are generated. In view of the above comparison, one might expect many features of these cellular systems to imitate comparable features of oil-and-water systems. The very process of sorting out of two kinds of cells to produce an external tissue (continuous phase) and one or more islands of internal tissue (discontinuous phase) is a perfect imitation of the breaking of a dispersion of one liquid in another immiscible liquid of similar density. '0 The continuous or external phase in the liquid system is that with the lower surface tension; i.e., with the lower cohesiveness among its molecules. This phase in the cell system should be that with the lower cohesiveness among its cells. In both systems it is immaterial whether a unit of the discontinuous or inner phase lies deep within the interior or directly beneath the surface. The forces acting upon it are the same in both cases. But there is selection against such a unit remaining at the surface. The rapid loss of cells of the prospective internal tissue from the surfaces of aggregates has also been observed in aggregates of amphibian embryonic3 and sponge' cells.
From the considerations presented here a number of predictions can be made concerning the detailed behavior of diverse cell and tissue systems brought into mutual contact. One can predict the precise sequence of events which should characterize the process of sorting out in compound aggregates;'0 the positions (internal versus external) which should be assumed by cells in untested combinations when the positions taken by both types with respect to one or more other types are known; the specific mutual motile behavior which should be observed in intact fragments of different tissues placed in contact with one another. Such experiments have been carried out, with the outcome that striking agreement has been found between the predictions and the observations. These results will be reported in subsequent papers in this series.
Summary.-Experiments are described in which dissociated chick embryonic heart and neural retinal cells have been brought to construct common aggregates containing decreasing proportions of heart cells. When heart cells comprise an appreciable fraction of the volume of the aggregates they assemble into one or more islands of heart tissue within the interior of each aggregate. Such islands are internal but not necessarily central. When heart cells comprise only about 1% of the volume of the aggregates they remain distributed in all locations other than the surfaces themselves. The results demonstrate that sorting-out of cells and the selective positioning of reconstructed tissues within aggregates occur in the absence of directed migration of these cells along radial concentration gradients which may be established within the aggregates. Rather these events are in all likelihood brought about by the preferential cohesion of heart cells when they collide as a consequence of their random movements. A formal similarity is noted between the essential properties of sorting-out cell systems and those of two-phase systems of mutually immiscible liquids. Certain properties of the former are shown to be entirely comparable with corresponding properties of the latter, and certain other A fundamental issue in cellular differentiation is the mechanism by which a portion of the genome is selectively expressed. Differential gene activity in embryogenesis may be indirectly approached by a study of the origin of protein synthesizing machinery. Hemoglobin is a suitable protein to use as an index of activity of a particular protein synthesizing system. Its structure, function, genetic regulation, physiological role, and mode of synthesis are better understood than those of any other protein of the metazoa. The present investigation is a description of the time and place of origin of globin, heme, and hemoglobin in the developing chick embryo. The results serve as a foundation from which to launch investigations on the mode of control of synthesis of hemoglobin. Furthermore, the present analysi presents some interesting features of the ontogeny of proteins. First, as other investigators have shown,' a protein population characteristic of a particular tissue differentiation may appear long before visible morphological differentiation occurs; second, the relative proportions of classes of proteins in a population may differ at different developmental ages; third, the relative rates of synthesis of an apoprotein and its prosthetic group may change during differentiation.
Methods.-(1) Preparation of hemoglobin (Hb). Hemoglobin was prepared from adult white Leghorn chicken blood by a procedure similar to Drabkin's.2 After collection of citrated whole blood the erythrocytes were washed 7 times in saline, hemolyzed in saline containing 0.1 % saponin, and stroma and ghosts removed by centrifugation. A crude Hb was obtained by precipitation with 2.8 M potassium phosphate buffer (pH 6.8), and further purified by three cycles of ammonium sulfate fractionation, the 60-70% saturated fraction containing Hb. The Hb was finally crystallized by dialysis against 2.8 M potassium phosphate buffer (pH 6.8). The extent of purification was estimated by spectrophotometric determination of heme to protein ratios,3 DNA contamination,4 and zone electrophoresis.5 No further purification was obtained by ethanol precipitation, alumina gel cream adsorption, protamine sulfate precipitation, or DNase digestion. Protein was determined by the method of Lowry et al. 6 
